INTRODUCTION
Hemolysis is the break up of red blood cells, and is a condition that is of concern during the design process of blood contacting prostheses. In turbulent flows, hemolysis has been most often correlated to Reynolds shear stress. Mini-scale turbulent jets have been used for hemolysis experiments because they allow for explicit control of shear. Quantitative predictions of hemolysis from shear stress are unreliable, with experimentally determined threshold Reynolds stresses for turbulent shear flow range from 400Pa 1 to 5000Pa 2 , with recent experiments at 800Pa 3 . Reynolds stresses are a statistic of large scale turbulence, and act at spatial scales much larger than that of a red blood cell. It has been suggested in literature 4 that hemolysis may be related to stresses induced by turbulent energy dissipation 4 , which acts as a spatial scale closer to that of a red blood cell. The dissipation of turbulence kinetic energy occurs at the Kolmogorov scales, which is generally similar in scale to that of a red blood cell.
However, the validity of this theory has not been tested. This is of importance to the design of all blood contacting prostheses. This project focuses on the design and validation phase for a test rig to test the effects of both Reynolds stresses and viscous dissipative stress on hemolysis.
To accomplish this, we first designed the test rig. Then, using Particle Image Velocimetry (PIV) we experimentally analyze the flow field, to determine fluid stress patterns for both Reynolds stresses and viscous dissipative stresses. The design of this test rig allows for the independent control of Reynolds stresses and viscous dissipative stresses.
METHOD
A fluid, comprised of water and glycerin, will be pumped through a re-circulating loop, forming a turbulent jet using hypodermic syringe tubing. We will expose red blood cells to known stresses by injecting them and collecting them downstream. Because the turbulent stresses vary within the jet and are a function of jet orifice velocity and the fluid viscosity, we can have explicit and independent control over the Reynolds and dissipative stresses that the cells are exposed to.
To control the location that a blood sample is taken, a blood injector and blood sampler were designed. These were designed to minimize the shearing induced by these devices.
Figure 1: Injector and Sampler Schematic, Side View
An empirical relationship is used to determine maximum Reynolds shear stresses, τ R,Peak that are present in a jet flow
It is seen that this is a function of exit velocity, U 0 , the fluid density, ρ, and an experimental constant, k τ . This constant has been found to be approximately 0.01 1 .
To estimate the viscous dissipative stresses Reynolds stresses were correlated to energy production, k, and in turn to energy dissipation, ε ν , through conservation of turbulent energy According to
Both the energy production and energy dissipation are approximated as functions of the Reynolds stress, τ R , and the jet strain rate, S jet . Jet strain rate can be approximated as follows 4 .
The dissipation of turbulent energy results in actual viscous stresses acting on a fluid. These can be estimated as a function of the fluid kinematic viscosity, ν, Reynolds shear stress, and the jet Strain rate, according to
It has been shown that hemolysis is a function of both the magnitude of shear and exposure time to that stress. It is therefore reasonable to expect that both the length scale and time scale of the small scale turbulence are relevant to hemolysis 2 . These length scale, η, and time scale, t k , are estimated according to 5 
/
Using these relationships, we can develop a design for the hemolysis testing apparatus. We use these relationships to determine the necessary exit velocity and exit orifice diameter based on the requirements in 
PARTICLE IMAGE VELOCIMETRY
Particle image velocimetry (PIV) was used to confirm that required range of Reynolds stresses was achieved and also to determine their spatial distribution within the flow field. From PIV measurements, turbulent statistics such as turbulent intensities and strain rates were determined. In turn, these were correlated to Reynolds stresses, viscous dissipative stresses, dissipation and production rates, and length and time scales.
A schematic of the PIV setup used is presented in Figure 4 . A MotionPro X3 high speed camera was used to capture images. The light sheet was created using the beam from a NewWave Solo 200XT PIV laser. A light sheet was created by sending the light through a 50mm focal length cylindrical lens to spread the beam and then the beam was re-collimated in a 300mm focal length spherical lens.
PIV testing also allowed for the testing of the sampler and injector. It was important to know what fluid stresses were induced on the flow field at the time of injection and sampling. 
RESULTS
The viscous dissipative stress requires an exit speed of 19m/s. We can also satisfy the viscous dissipative stress requirement by varying kinematic viscosities from 5cSt to 12.5cSt. At this velocity the maximum Reynolds shear stress was exceeded.
By varying the axial position within the jet, we can control the value of the local Reynolds shear stress and the local viscous dissipative stress. The experimental box represents the range of Reynolds and viscous dissipative stresses that this research is interested in exploring. Figure 4 shows that the Kolmogorov length scales as a function of Reynolds shear stress for kinematic viscosities ranging from 5cSt to 12.5cSt. Across the range of viscous dissipative stresses and Reynolds shear stresses Kolmogorov scale requirements were satisfied between 10 and 23 microns.
PIV measurements were taken for local Reynolds stresses and strain rates. These are made with local turbulent intensities and time averaged velocities. The range of desired Reynolds shear stress was satisfied.
From these measurements, the viscous dissipative stresses can be estimated. The range of required viscous dissipative stress was satisfied.
CONCLUSION
Using these results, blood will be exposed to known shear stresses to quantify hemolysis induced by Reynolds stresses and viscous dissipative stresses.
